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Background: Loss of cystic fibrosis transmembrane conductance regulator (CFTR) function in cystic fibrosis (CF) causes dysregulation
of multiple ion channels, water channels, and acid–base transporters in epithelia. As such, we hypothesized that dysregulation of many
critical ion channels and transporters may cause defects in human airway epithelial cell volume regulation.Methods: Cell volume, regulatory
volume decrease, and its regulation was assessed in real-time via Coulter Counter Multisizer III-driven electronic cell sizing in non-CF, CF,
and CFTR-complemented CF human airway epithelial cells. SPQ halide fluorescence assay of hypotonicity-induced chloride efflux provided
indirect validation of the cell volume assays. Results: CFTR, via autocrine ATP signaling, governs human airway epithelial cell volume
regulation. Non-CF cells and wild-type (WT)-CFTR-transfected CF cells had normal regulatory volume decrease (RVD) responses that were
attenuated by blockade of autocrine and paracrine purinergic signaling. In contrast, parental IB3-1 CF cells or IB3-1 cells expressing CFTR
mutants (DF508, G551D, and S1455X) failed to RVD. CF cell RVD was rescued by agonists to P2Y G protein-coupled receptors and, more
robustly, by agonists to P2X purinergic receptor channels. Conclusions: Loss of CFTR and CFTR-driven autocrine ATP signaling may
underlie defective cell volume regulation and dysregulated ion, water, and acid–base transport in CF airway epithelia.
D 2004 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: P2X receptors; P2Y receptors; Calcium entry channels; Regulatory volume decrease; Cystic fibrosis1. Introduction
Cystic fibrosis (CF) in the lung and airways remains an
enigma, because cystic fibrosis transmembrane conductance
regulator (CFTR) genotype does not correlate with CF
disease phenotype [1]. The regulatory functions of CFTR
appear as critical to the lung and airways CF phenotype as
CFTR’s ability to function as an intracellular cyclic AMP-
and ATP-regulated Cl and HCO3
 channel [2–5]. One
essential question that derives from this enigma is: why
does CFTR regulate so many other ion channels, water
channels, and acid–base transporters? We hypothesize that
CFTR regulates other ion channel and transporter proteins1569-1993/$ - see front matter D 2004 European Cystic Fibrosis Society. Publish
doi:10.1016/j.jcf.2004.01.006
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isotonic and hypotonic conditions.
CFTR regulates ENaC Na+ channels [6]; however, the
cellular mechanisms that allow this coupled regulation to
occur remain elusive and may be cell-specific. Direct
coupling [7], coupling via bridges compromised of PDZ-
binding proteins [8–10], coupling via autocrine ATP release
and signaling [11,12], or other mechanisms [13] have been
proposed. ENaCs have been shown to be mechanosensitive
ion channels and have been implicated in regulatory volume
increase (RVI) following hypertonic cell shrinkage [14–16].
CFTR regulates aquaporins [17–19], however, the cellular
mechanisms that foster this coupling also remain ill-defined.
Aquaporins are essential for cell volume regulation, since
water must follow inorganic ion and/or organic osmolyte
fluxes in or out of the cell, depending on whether hypotonic
cell swelling or hypertonic cell shrinkage has occurred [20].
CFTR regulates Cl/HCO3 and Na/H exchange [21,22].
Studies have postulated effects on acid–base exchangersed by Elsevier B.V. All rights reserved.
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function and/or regulation of ENaC function [13,23], cou-
pling via PDZ-binding protein-mediated cytoskeletal con-
tact [9,10], or by CFTR effects on gene expression [24].
Despite this knowledge, these cellular mechanisms are also
poorly understood. Moreover, the relative role of CFTR as a
HCO3
 channel or as a regulator of Cl/HCO3 exchangers is
still unclear [2,5]. Nevertheless, these acid–base transport-
ers have also been implicated in cell volume regulation [20].
CFTR also regulates a separate and distinct family of Cl
channels, the outwardly rectifying Cl channels (the
ORCCs), by multiple mechanisms that include, at least in
part, autocrine ATP release and signaling due to CFTR
modulation of ATP release [25]. Finally, a global effect of
conductance regulation by CFTR may be its apparent ability
to trigger intracellular signal transduction pathways that
modulate gene expression [26]. Because this appears to
derive from C-terminal contacts with PDZ-binding proteins
and, possibly, other adapter molecules that affect cell
signaling, CFTR’s function as a signaling effector molecule
may also have a direct impact on conductance regulation
and cell volume regulation.
Despite acknowledging CFTR’s function as a conduc-
tance regulator and a cellular mechanism whereby CFTR
was coupled to ORCCs, a physiological relevance for this
and other conductance regulator functions of CFTR
remains elusive. Volume-activated whole cell Cl currents
are outwardly rectified in their instantaneous I–V rela-
tionship and/or in the steady-state I–V relationship in
many different cell types [27–32]. These biophysical
properties are quite distinct from CFTR Cl channel
properties [1,33]. As such, we postulated that the physi-
ological relevance of CFTR–ORCC coupling by autocrine
ATP signaling might be related to cell volume regulation.
It is here where our laboratory began its current line of
investigation.
Previously, our laboratory has shown that apical-directed
ATP release under basal and hypotonic conditions was
impaired in CF human airway epithelial cell monolayers
when compared to non-CF controls [34]. More recently, our
laboratory has described a mechanistic link between CFTR
expression, ATP signaling, and cell volume regulation in
heterologous fibroblasts and in cell-free systems, where
CFTR itself does not function as an ATP channel but
directly regulates a separate, yet closely associated ATP
conductance [35]. A similar model for CFTR-associated
ATP channel activity through a separate pore with a
common gate has also been proposed [36]. This relationship
has also been demonstrated for the related ATP-binding
cassette (ABC) transporter, mdr-1 [37]. Moreover, autocrine
ATP control of cell volume regulation has been supported
by studies in hepatocytes [38,39], cholangiocytes [39], and
in human Intestine 407 cells [40]. Moreover, cell volume
regulation has been found to be impaired in intestinal crypts
of CF knockout mice [41], and follow-up studies of CFTR
regulation of specific potassium channels involved in cellvolume regulation has also argued for a regulatory link
[42,43].
Despite this knowledge, a role for CFTR, autocrine ATP
release and purinergic signaling, and ATP receptors in
human airway epithelial cell volume regulation has not been
shown. ATP or ‘purinergic’ receptors that could transduce an
autocrine ATP signal include P2Y and P2X receptors [44–
46]. The relative role of each purinergic receptor subfamily
to cell volume regulation is addressed herein. Complete
understanding of these mechanisms in human airway epi-
thelial cells is critical, because the lung and airways are the
site of eventual infection and morbidity in CF [1,3,4]. There
may also be defects in airway surface liquid (ASL) micro-
environment with respect to salt and water content, osmotic
strength, pH, viscosity, and/or volume, which is thought to
be critical to the airway disease phenotype [47]. While it is
currently a matter of some debate which parameter, if any, is
impaired in CF versus normal or non-CF ASL [47], it is an
extracellular fluid of low volume that is part of the overall
extracellular fluid compartment of the body. Any loss in this
compartment, particularly as osmotic change or difference in
osmolarity versus the intracellular airway epithelial com-
partment, is normally compensated for by drawing from the
interstitial fluid compartment, intracellular fluid compart-
ment, or by increased fluid intake [48]. As such, human
airway epithelial cell volume regulation could play a key
role in defining the composition of the ASL or in responding
to its composition.2. Materials and methods
2.1. Cell culture
The bulk of experiments were performed with the IB3-1
CF human bronchial epithelial cell line that is compound
heterozygous for the DF508 and W1282X CFTR mutations.
Additional experiments were performed with the 9HTEo
non-CF human tracheal epithelial cell line and the COS-7
green monkey kidney heterologous cell line for comparative
purposes only. 9HTEo and COS-7 cell lines were grown in
complete 10% FBS-containing MEM (Gibco-BRL, Grand
Island, NY). The IB3-1 cell line was grown in 10% FBS-
containing LHC-8 medium (Biofluids, Rockville, MD), as
described previously [49].
2.2. Coulter Counter channelyzer analysis of cell volume
In these experiments, changes in cell volume of a cell
population were measured via the Coulter Counter Multi-
sizer III with AccuComp software versions 3.01 and 3.51
(Beckman Coulter, Miami, FL). Coulter Counter technolo-
gy is based on electronic cell sizing, where cells pass
through a 100 Am aperture in a probe that lies in a beaker
containing a cell suspension. The cell interrupts a current
passed by an electrode in that probe, is counted, and is also
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current. Cells were seeded and grown to 50% confluence in
T-25 collagen-coated flasks. Transient transfection of
CFTR constructs was then performed with LipofectAMINE
PLUS [35,49]. After a 48-h incubation, cells were then
lifted in minimal or no trypsin. Cells were then spun,
washed to remove/inactivate trypsin, and then resuspended
in CaMg-containing PBS.
Experiments are then conducted with a cell population
of 1–2 million cells suspended in 100 ml of CaMg-
containing PBS solution in the Coulter beaker, which
accomodates the Coulter sizing probe and a propeller
stirrer. Basal cell volume was measured before any stimu-
lus for several minutes by the Multisizer III system
sampling aliquots of cells (a cell population of 20,000
cells) continuously for each measurement in an automated
manner from a larger population of at least 2 106 cells.
Continuous measurement allowed 2–3 measurements with-
in each 1-min period during this phase of the experiment
(each measurement lasting 20–30 s). Then, a pre-deter-
mined amount of distilled water (usually 100 ml water for a
50% dilution of osmolality) was added for a hypotonic
challenge with or without any ATP agonists, antagonists, or
scavengers for a particular experiment (purinergic chem-
icals were added at the same time the hypotonic challenge
was given). Cell swelling and cell volume regulation were
then monitored in an automated manner in real-time via
sampling of an aliquot of the entire population of cells (a
20,000 cell sub-population) in each measurement by the
Coulter Counter Multisizer III system. After dilution, the
system could continuously make 1–2 counts within each 1-
min period during this real-time measurement phase of the
experiment. It is important to note that, in our previous
study measuring cell volume directly with Coulter technol-
ogy [35], cell volume studies were conducted differently. In
those studies, aliquots of cells were separated into 6
populations where one population was only exposed to
isotonic saline, while the other 5 populations were exposed
to hypotonicity for 2, 5, 10, 20 and 30 min. This is the first
time that cell volume studies have been performed on
epithelial cells in this manner, and it is aided by the new
version of the Coulter Multisizer and its accompanying
AccuComp software.
Fig. 1A shows a typical volume histogram reflecting the
full range of volumes measured for a 20,000 cell popula-
tion. Although the full range of cell volumes seems quite
broad (1000 to 8000 fl), the vast majority of the cells in
the cell population (z 80%) fall within a much narrower
range of 1500 to 4000 fl. Fig. 1B shows a real-time regu-
latory volume decrease (RVD) response-curve, graphed
from the ‘‘isotonic volume setpoint’’, the time point imme-
diately before hypotonic cell swelling, until RVD is com-
plete. This curve was generated from continuous
measurements of 20,000 cell aliquots of the larger popula-
tion of 1–2 million IB3-1 cells transiently transfected with
WT-CFTR. A volume histogram was generated for eachmeasurement (example shown in Fig. 1A). When the cell
population swelled, the Gaussian histogram shifted signif-
icantly to the right. When a normal RVD response resulted
(Fig. 1B), the Gaussian distribution slowly shifted back to
the left. Fig. 1B also shows how parameters of cell volume
regulation were defined and measured using this novel
methodology. ‘‘Delta Swell (DSwell)’’ was calculated for
each experiment from the isotonic volume setpoint to the
peak of swelling during RVD. The ‘‘volume recovery
threshold’’ was employed, because not all cells RVD or
RVI fully. It is set at 75% recovery from the peak of swelling
or shrinkage. The time required to reach this threshold was
also defined as the ‘‘time to threshold’’. ‘‘Magnitude of
RVD’’ or ‘‘%RVD’’ was determined from the amount of
volume recovered from peak swelling until the end of the
experiment divided by the total amount of initial swelling or
‘‘DSwell’’. The ‘‘rate of RVD’’ was determined by reduction
in volume (in femtoliters) from the peak of swelling to the
end of the RVD response divided by the time required for
RVD (in minutes).
2.3. SPQ halide permeability fluorescence assay
In these experiments, cells were seeded on glass cover-
slips. In contrast to the RVD experiments, which are
performed in suspension, these experiments were done
with adherent cells. Transient transfections of CFTR con-
structs were then performed with LipofectAMINE PLUS
as above. SPQ (6-methoxy-N-(3-sulfopropyl) quinolinium,
inner salt; Molecular Probes, Eugene, OR) was solubilized
in cell culture medium at a concentration of 2 mg/ml and
was loaded into the cells by an overnight incubation in
standard FBS-containing culture medium. Two days after
transfection and 1 day after SPQ loading, each coverslip
was transferred into Nal buffer. The standard experimental
protocol called for 2 min in Nal Ringer, followed by 2–3
min in NaNO3 Ringer, and then several minutes in NaNO3
Ringer made 25% hypotonic with distilled water. Dilution
of 50% caused the SPQ assay to become artifactual. ATP
agonists (ATPgS, ADP, UTP, UDP, BzBz-ATP, ah-Meth-
ATP), antagonists (suramin), and scavengers (hexokinase,
apyrase) were then added. Responses were reversed fully
in Nal Ringer. Experimental data was then transferred to
Excel for analysis and then graphed via SigmaPlot. Spe-
cifics concerning the SPQ assay and system have been
published by our laboratory [35].
2.4. Fura-2/AM cytosolic calcium fluorescence assay
Cytosolic Ca2 + concentration ([Ca2 +]i) was measured
with dual excitation wavelength fluorescence microscopy
(Deltascan, Photon Technologies, Princeton, NJ) after
cells were loaded with the permeant form of the fluores-
cence dye, Fura-2-acetoxymethyl ester (Fura-2-AM;
TefLabs, Austin, TX, USA), as described previously in
detail [50].
Fig. 1. Cell volume measurement methods and definition of RVD parameters. Previous studies by our laboratory and others have studied aliquoted cell
populations at fixed timepoints that required many more cells for each timepoint measured under isotonic conditions and at 2, 5, 10, 20, and 30 min
following hypotonic challenge. In this study with the latest Beckman Coulter Counter Multisizer III system driven by AccuComp software, aliquots of
20,000 cells can be measured for each measurement or timepoint in an automated manner under isotonic and hypotonic conditions as fast as the 20,000 cells
can be collected and sized by the system (volume histogram of the 20,000 cell population shown in A). A real-time RVD response curve for WT-CFTR-
transfected IB3-1 cells is shown in B, as a schematic to illustrate how the different RVD parameters were measured and calculated (see Section 2 for details
on these parameters). The mean cell volume of the 20,000 cell aliquots is determined for each measurement in the RVD curve (2–3 measurements per
minute).
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Nucleotides and nucleotide analogs, purified to the high-
est percentage over contaminating nucleotides, were pur-
chased from either Sigma or Calbiochem. SPQ was
purchased from Molecular Probes (Eugene, OR), while
Fura-2/AM was purchased from TefLabs.
2.6. Statistical analyses
Statistical differences between cell populations lacking or
expressing wild-type or mutant forms of CFTR was
assessed by ANOVA, and values were graphed as mean -
F S.E.M. Statistical differences before and after addition of
a purinergic chemical was assessed by paired Students’ t-
test, and values were graphed as meanF S.E.M. P < 0.05
was considered significant.
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To assess whether CFTR expression modulates human
airway epithelial cell volume regulation, we studied non-CF
9HTEo human tracheal epithelial cells as a normal control
as well as IB3-1 CF human bronchial epithelial cells not
transfected or transiently transfected with empty vector,
wild-type (WT) or mutant forms of CFTR. IB3-1 cells
express the DF508-CFTR and W1282X-CFTR mutations
endogenously [35,49]. Immunoprecipitation of CFTR pro-
tein is shown in Fig. 2A for mock-transfected cells, WT-
CFTR-transfected cells, and mutant CFTR-transfected cells.
No CFTR protein was detectable in ‘‘mock controls’’, while
band B ‘‘core glycosylated’’ (130–140 kDa) and band C
‘‘maturely glycosylated’’ (160–180 kDa) forms of CFTR
were found for WT-CFTR, T1478X (also DTRL)-CFTR,
S1455X-CFTR, and G551D-CFTR [9,51,52]. S1455X-
CFTR showed a similar profile to T1478X-CFTR (data
not shown). As expected, DF508-CFTR expressed only
the band B form of CFTR. Taken together, these data show
that IB3-1 cells are an ideal background with which to study
the effects of WT-CFTR and mutant forms of CFTR as well
as purinergic signaling on human airway epithelial cell
volume regulation in vitro.
3.1. IB3-1 CF human airway epithelial cells fail to RVD in
response to mild or more significant hypotonic challenges
Fig. 2B and C shows titrations of RVD responses in non-
CF cells versus CF cells. Typical 20–30 min time courses
are shown. Titration of the degree of hypotonicity showed
that CF cells are impaired in their ability to RVD at all
degrees of hypotonicity. Non-CF cells (or CF cells comple-
mented with wild-type CFTR, see below) showed full RVD
responses at all dilutions. Taken together, CF cells were
deficient in their RVD response at all dilutions of the
extracellular osmolality. These data provided initial cluesthat CF human airway epithelial cells had defects in the
RVD process.
3.2. Titration of hypertonic cell shrinkage in non-CF versus
CF human airway epithelial cells
We also examined RVI responses for non-CF cells and
CF cells in response to addition of 100–600 mosM of NaCl
or sucrose. Quite simply, all human airway epithelial cells
failed to RVI (data not shown). The nature or degree of the
hypertonic challenge, sucrose or NaCl, was irrelevant. Other
epithelial cell models from the kidney or the intestine as
well as non-epithelial cells such as astrocytes did RVI in the
context of this continuous sampling protocol (data not
shown). We conclude that human airway epithelial cells
may lack the capacity to RVI; however, these studies were
not the major focus of our work.
3.3. RVD responses in IB3-1 cells transfected with empty
vector, WT-CFTR, or mutant CFTRs
Fig. 3A compares RVD dynamics in response to hypo-
tonicity for empty vector-transfected, WT-CFTR-trans-
fected, and delF508-CFTR-transfected IB3-1 cells. For
this and all subsequent Coulter-based cell volume experi-
ments (see below), 50% hypotonicity was used routinely as
the stimulus. Empty vector-transfected cells were sluggish
in their RVD dynamics and failed to recover to normal
volume in the same timeframe that wild-type CFTR-trans-
fected cells do (Fig. 3A). Mock-transfected cells failed to
recover even 50% of their swollen volume within this
timeframe (Fig. 3A). In contrast, transient transfection of
IB3-1 human airway epithelial cells with WT-CFTR rescues
RVD; normal volume is restored to the volume recovery
threshold within 15 min (Fig. 3A). Full RVD required 20
min. Interestingly, transient transfection of exogenous
DF508-CFTR failed to restore a normal RVD response
(Fig. 3A). Despite abundant expression of DF508-CFTR
in this system (refer back to Fig. 2 above), DF508-CFTR
expressing cells only recovered 50% of their swollen
volume during the normal timeframe, and the rate of
RVD was impaired. Taken together, these results showed
that WT-CFTR expressing cells exhibit a full recovery of
initial cell volume within 20 min; whereas the DF508-
CFTR- and empty vector-expressing cells had an impaired
RVD response.
The above time courses did not follow the impaired CF
cells long enough to determine whether they ever accom-
plished RVD. As such, we extended our normal timecourse.
When compared to the 20 min required for IB3-1 cells
transiently transfected with WT-CFTR cells to RVD fully,
IB3-1 cells mock transfected with empty vector or IB3-1
cells transiently transfected and expressing DF508-CFTR
were sluggish in their RVD dynamics (Fig. 3B). Even after
70 min for the empty vector-transfected IB3-1 cells (Fig.
3B), the cells had just reached the volume recovery thresh-
Fig. 2. Immunoprecipitation of wild-type and mutant forms of CFTR from transiently transfected IB3-1 CF human airway epithelial cells and titration of RVD
responses in human airway epithelial cells lacking or expressing wild-type CFTR. (A) Cells transfected transiently in a manner similar to those used in Coulter
Counter assays were prepared for immunoprecipitation experiments with an anti-NBD-1/R domain antibody developed in the UAB CF Center [49]. The CFTR
protein was visualized via PKA catalytic subunit phosphorylation of the immunoprecipitated CFTR protein with gamma-32P-ATP and visualized on a
Phosphorimager (required only 30 min to 1-h exposure). The ‘‘Band B’’ form of CFTR is the core-glycosylated ER form of 130–140 kDa, while the ‘‘Band C’’
form of CFTR is the fully glycosylated form that exits the Golgi and resides in the plasma membrane (160–180 kDa). Note that parental cells do not express any
detectable CFTR protein. (B) RVD curves from 9HTEo non-CF cells showing efficient RVD responses at all degrees of hypotonicity (typical traces of 3–5
experiments). (C) RVD curves from IB3-1 CF cells showing insufficient RVD responses at all dilutions of the extracellular osmolality, even at 10% hypotonicity
(typical traces of 3–5 experiments). Time and volume scales are shown; traces are shown outside of the normal graph to show the series of RVD curves fof non-
CF and CF cells.
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Fig. 3. Standard and extended RVD time courses of IB3-1 cells transiently transfected with WT-CFTR, DF508-CFTR, or empty vector as a mock control. (A)
IB3-1 cells expressing empty vector fail to recover cell volume after cell swelling. IB3-1 cells transiently transfected with WT-CFTR at z 50% efficiency
recover their cell volume completely after cell swelling within 20 min. IB3-1 cells expressing DF508-CFTR fail to recover cell volume after cell swelling
within the WT-CFTR timeframe. The rate and magnitude of RVD are also impaired in parental cells and in cells expressing a significant amount of DF508-
CFTR. See Fig. 4 for data summary. (B) Normal and extended timeframes for empty vector-transfected cells. Note that RVD in CF cells is quite sluggish (70
min) when compared to WT-CFTR-transfected cells than require only 14 min to reach the volume recovery threshold and 20 min to RVD fully. CF cells also do
not RVD fully, even after 70 min. Typical experiments are shown. A 50% hypotonic challenge was used in these experiments.
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similar experiments, DF508-CFTR and G551D-CFTR re-
quired at least 40 min to return to this threshold, and
S1455X-CFTR required 30 min (data not shown). Cells
expressing the two disease-associated mutants, DF508-
CFTR and G551D-CFTR, also failed to recover fully to
the isotonic setpoint. Progression of the experiments past 75
min used up the cell population, and the experiment was
forced to end because the system was unable to collect and
size 20,000 cells per measurement. These results showed
that, in addition to a decreased rate and magnitude of RVD,
IB3-1 cells lacking CFTR and IB3-1 cells expressing
DF508-CFTR required 3–4-fold longer to RVD. Even then,cell volume did not fully recover in the absence of CFTR or
in the presence of CFTR mutations.
Fig. 4 shows the full panel of CFTR constructs studied in
IB3-1 cells and in COS-7 cells, a cell model used early in
these studies before transient transfections of IB3-1 CF
human airway epithelial cells were optimized [49]. Empty
vector-transfected cells served as the most relevant transient
transfection control. The results were similar to that of
parental IB3-1 CF cells. Magnitude and rate of RVD for
all experiments with all CFTR constructs are summarized
(Fig. 4A and B, respectively). When compared to empty
vector, WT-CFTR and T1478X-CFTR were able to fully
recover their cell volume after hypotonic cell swelling
Fig. 4. Wild-type CFTR expression is required for normal RVD. (A) Magnitude of RVD is graphed as %RVD from the peak of cell swelling at 2 min to the end
of the run for both IB3-1 cells and COS-7 cells transfected with WT-CFTR and mutant CFTR constructs (n= 4–8 experiments for each construct). (B) Rate of
RVD is compared in the cells expressing CFTR constructs as femtoliters per minute determined from the rate of recovery from the peak of cell swelling at 2
min to the end of the RVD run. Average duration or length of RVD is given in the text as well as some typical examples (n= 4–8 experiments for each
construct). A 50% hypotonic challenge was used in these experiments.
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rate and greater magnitude. Cells expressing the more
severe mutations, DF508-CFTR and G551D-CFTR, or the
more severe C-terminal truncation mutant, S1455X-CFTR,
were unable to fully recover their cell volume after hypo-
tonic cell swelling. The rate of RVD in the presence of these
mutants was sluggish, the magnitude of RVD was less, and,
in particular, the length of time required to recover normal
cell volume was prolonged markedly.
3.4. CFTR expression is required to observe hypotonicity-
induced chloride efflux, an indirect measure of RVD
Although we improved our data collection protocol and
quantification of RVD dynamics significantly by using the
improved Coulter Coulter Multisizer III system, an obvious
disadvantage to the Coulter Counter Multisizer III system is
that it requires studying cells in suspension. This is not idealfor normally adherent epithelial cells; however, this current
Coulter Counter Multisizer III technology remains the most
accurate and reliable method to measure cell volume in
vitro. Nevertheless, we felt that a parallel assay on adherent
cells was necessary to confirm the Coulter results in
biological terms. As such, we used the halide-sensitive
dye, SPQ, to measure intracellular Cl concentration or
activity and hypotonicity-induced Cl transport as an indi-
rect measure of RVD.
SPQ halide fluorophore imaging assays were performed
on IB3-1 cells transiently transfected with the same panel of
CFTR constructs (Fig. 5). Fig. 5A shows typical time
courses for SPQ assays, comparing cells transiently trans-
fected with WT-CFTR, DF508-CFTR, or empty vector. A
25% hypotonic stimulus was used in these experiments,
because larger dilutions impacted upon the ability of SPQ to
remain stable in the cells and detect flux of nitrate and
iodide across the membrane. Although a hypotonic stimulus
Fig. 5. WT-CFTR expression is required for hypotonicity-induced chloride efflux. (A) Typical timecourses for cells in the SPQ assay, showing that only WT-
CFTR expressing cells release chloride is response to 25% hypotonic shock (n= 20–30 cells for each construct). (B) Summary of similar experiments
conducted with the entire panel of CFTR constructs. IB3-1 cells expressing WT- and T1478X-CFTR showed a marked increase in magnitude of chloride efflux
as well as increased rate of chloride release (n= 3–4 experiments for each construct, asterisk indicates P< 0.01 versus empty vector control, cross indicates
P < 0.05 versus empty vector control).
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careful to titrate our stimulus in parental and empty vec-
tor-transfected CF cells (versus wild-type and mutant
CFTR-transfected cells) to show no Cl efflux from the
cells in any stage of the experiment.
Only the cells expressing WT-CFTR released Cl in
response to 25% hypotonic challenge, whereas mock-trans-
fected and parental IB3-1 cells failed to respond with any
measurable Cl efflux. The entire panel of constructs was
tested, and the results were similar to the RVD results (Fig.
5B). The IB3-1 cells transiently transfected with WT- and
T1478X-CFTR showed an increase in chloride permeability
and increased rate of Cl release in response to 25%
hypotonic shock (Fig. 5B). However, the cells transiently
transfected with DF508-CFTR, G551D-CFTR, and
S1455X-CFTR did not show a response (Fig. 5B). These
data agree with the Coulter data above. These data also
show that the SPQ assay was an effective secondary screenfor cell volume regulation, albeit measuring volume- or
swelling-activated Cl efflux. Taken together, these data
show that hypotonicity-induced Cl transport during RVD
is dependent on WT-CFTR expression and support our cell
volume data.
3.5. WT-CFTR rescue of RVD in CF cells is dependent upon
autocrine extracellular ATP release and signaling
Previously, our laboratory has shown that hypotonicity
stimulates ATP release in polarized epithelial cell mono-
layers and that both basal and hypotonicity-induced ATP
release is augmented markedly by expression of ABC trans-
porters in the plasma membrane [34,35,37]. This was dem-
onstrated directly by real-time bioluminescence detection of
ATP released from polarized monolayers of non-CF and CF
human airway epithelial cells [34]. To determine whether
CFTR control of human airway epithelial cell volume
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CFTR drives autocrine ATP release and signaling via a
different experimental approach, the effects of ATP receptor
agonists (ATP, ATPgS, BzBzATP, and UTP, 100 AM each), a
broad specificity ATP receptor antagonist (suramin, 10 AM),
and an ATP scavenger (hexokinase or apyrase, 1 U/ml each)
were tested on the RVD response in empty vector- and WT-
CFTR-transfected cells. The same 50% dilution of the
extracellular osmolality was used as the hypotonic stimulus.
All agonists were added to the RVD protocol with the
hypotonic stimulus at time 0. Fig. 6A summarizes the effects
of purinergic agonists, antagonists, and scavengers in studies
on IB3-1 epithelial cells transiently transfected with empty
vector as a ‘‘mock control’’. In these cells, the ATP agonistsFig. 6. RVD in IB3-1 CF human airway epithelial cells is rescued by addition of
with empty vector, the most precise control for transient transfection. The hypoton
agonists (100 AM each) added to the cell suspension rescued the sluggish RVD o
broad specificity P2 receptor antagonist, or hexokinase (1 U/ml, with 5 mM glu
Typical time courses are included for the key experiments. Another sluggish RVD
exogenous ATP during hypotonic challenge rescued the sluggish RVD rate and m
Bottom) when added with the hypotonic challenge because there was little, if an
(20,000 cells were measured for each sample in real-time throughout the timecourescued the RVD response. Typical time courses are shown
in Fig. 6B, showing rescue of the RVD response by ATP and
lack of any effect of hexokinase (because it had no autocrine
ATP release or signaling to block). Because UTP, a P2Y-
specific agonist, and benzoyl–benzoyl ATP (BzBzATP), a
P2X-specific agonist, each rescued RVD in cells null for
CFTR, these results also gave us the first hint that both P2Y
and P2X receptors receive and transduce the autocrine ATP
signal to stimulate osmolyte efflux during RVD in human
airway epithelial cells.
In WT-CFTR expressing cells, the agonists had little
effect on the RVD response, because sufficient ATP release
was occurring endogenously from the cells in the presence
of WT-CFTR (Fig. 7A). This endogenous ATP release wasexogenous nucleotide agonists. (A) IB3-1 cells were transiently transfected
ic challenge was 50% dilution of the extracellular osmolality. All nucleotide
bserved in these CF cells lacking WT-CFTR, while suramin (10 AM), the
cose) were without effect (n= 4 to 5 experiments for each condition). (B)
time course is shown for an IB3-1 CF cell (B, Top Left), while inclusion of
agnitude (B, Top Right). Hexokinase was without effect on the CF cells (B,
y, endogenous ATP release from the CF cells in response to hypotonicity
rse).
Fig. 7. RVD in IB3-1 CF human airway epithelial cells transiently transfected with wild-type CFTR is attenuated by suramin and hexokinase. (A) IB3-1 cells
were transiently transfected with WT-CFTR. All nucleotide agonists (100 AM each) had little or no effect on a robust RVD response; however, suramin (10
AM), the broad specificity P2 receptor antagonist, or hexokinase (1 U/ml, with 5 mM glucose) attenuated RVD markedly and made this wild-type CFTR-
expressing cell look like the IB3-1 CF cell RVD response observed in Fig. 1 (n= 4 to 5 experiments for each condition). (B) Typical time course are included
for the key experiments. A typical full RVD response is shown for IB3-1 CF cells transiently transfected with wild-type CFTR (B, Top Left). Exogenous ATP
had no added effect on the RVD rate and magnitude (B, Top Right), because sufficient ATP was being released by the cells after hypotonic challenge. This
conclusion is borne out by the fact that hexokinase, added during the hypotonic challenge, blocked RVD in the wild-type CFTR-expressing cells (B, Bottom)
(20,000 cells were measured for each sample in real-time throughout the timecourse). The hypotonic challenge was 50% dilution of the extracellular osmolality.
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antagonist, and hexokinase, the ATP scavenger in the
medium. Suramin and hexokinase each inhibited WT-
CFTR-stimulated RVD, further indicating that WT-CFTR
was influencing RVD through stimulation of ATP release
(Fig. 7A and B). Typical time courses are shown in Fig. 7B,
showing the block of the RVD response by hexokinase and
lack of any effect of exogenous ATP (because a sufficient
ATP release signal was already present triggered by hypo-
tonic cell swelling; Refs. [34,35,37]). Taken together, these
results show that WT-CFTR promotes ATP release and
autocrine ATP signaling to govern airway epithelial cell
volume regulation. This finding supports previous data of
CFTR-triggered ATP release in a biological system by our
laboratory [34,35], although determined indirectly via an-tagonism of the endogenous purinergic signaling by antag-
onists and scavengers. These data are not unlike work from
Ostrom et al. [53] and Roman et al. [39] showing that
endogenous ATP release and signaling governs the setpoints
of specific signaling transduction pathways in MDCK cells.
These data also suggested that P2Y and P2X receptors were
present on IB3-1 CF cells to transduce this autocrine ATP
signal.
3.6. Autocrine ATP release and signaling maintains basal
cell volume under isotonic conditions in human airway
epithelial cells
For autocrine and paracrine purinergic signaling to be
relevant to the airways epithelium in vivo, maintenance of
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agonists is also critical to demonstrate. Despite the new
advancements in the Multisizer III system, these experi-
ments required more cells to acquire real-time data more
quickly and to generate a cell volume curve that was as
clear as experiments performed after hypotonic or hyper-
tonic challenge. These experiments also require a 30-min
pre-equilibration period to stabilize mean cell volume of
the entire cell population to oscillations no greater than
F 10–20 fl. These studies also required a uniform cell
population with regard to CFTR status (e.g., 100% of the
cells needed to express wild-type CFTR (9HTEo) versus
the IB3-1 CF cells). A combination of hexokinase and
apyrase (1 Unit/ml each) added to 9HTEo cells under
basal isotonic conditions caused cells to swell significantly
(DSwell + 195.3F 9.72 fl, n = 6). IB3-1 cells also swelled
in response to this nucleotide scavenger cocktail; however,
the magnitude of the swelling was much reduced (DSwell
+ 37.67F 9.10 fl, n = 6) and the rate of swelling was
markedly attenuated versus non-CF cells. These results
suggest that ATP release occurs under basal conditions
and is augmented by CFTR under basal or isotonic con-
ditions. The effect of the scavengers on CF cells may
reflect mechanically induced ATP release due to gentle
stirring of the cell population during the experiment.
If scavengers and antagonists caused swelling under
isotonic conditions, addition of exogenous ATP agonists
should cause cell shrinkage. A cocktail of ATPgS and
ADPhS (100 AM each) caused a similar degree of cell
shrinkage under isotonic conditions in both IB3-1 CF cells
(DShrink  112.0F 26.4 fl, n = 6) and 9HTEo non-CF
cells (DShrink  178.7F 24.3 fl, n = 6), implicating ATP
receptors in basal cell volume control. ATPgS and ADPhS
were used in these experiments, because they are resistant to
the scavengers. Taken together with the scavenger effects
above, these results provide additional support that auto-
crine nucleotide signaling governs human airway epithelial
cell volume control under basal or isotonic conditions.
3.7. Autocrine ATP signaling mediates CFTR induction of
hypotonicity-induced efflux
To define the role of ATP release and autocrine puriner-
gic signaling in the SPQ assay on adherent cells, ATP
receptor agonists and antagonists as well as ATP scavengers
were also included in this fluorescence assay. In 9HTEo
non-CF tracheal epithelial cells that normally express WT-
CFTR, the normal hypotonic response was observed (Fig.
8). The purinergic receptor antagonist suramin (Fig. 8A,
Left) as well as the ATP scavenger, hexokinase (Fig. 8A,
Right), blocked this response. The hexokinase blockade was
rescued by the poorly hydrolyzable ATP analog, ATPgS. In
Fig. 8B, IB3-1 cells were transiently transfected with WT-
CFTR, and the same experiments were conducted. The
results were similar, showing that we are not grossly over-
expressing CFTR in our transient transfection experimentsbeyond what is normally necessary to modulate cell volume
regulation. Taken together, these data show that WT-CFTR
promotes the release of ATP that acts via purinergic recep-
tors to trigger hypotonicity-induced Cl efflux.
Experiments were then conducted with IB3-1 cells mock
transfected with empty vector. As shown in Fig. 8C (Left),
cells lacking CFTR do not respond to hypotonic challenge.
However, when ATP is added exogenously, the signal is
rescued, and chloride is released robustly (Fig. 8C, Left). In
the presence of hexokinase (Fig. 8C, Right), the ATP rescue is
diminished, but not totally inhibited. This could be the action
of an active purinergic agonist, ADP, which is created by the
hexokinase reaction (which cleaves the terminal phosphate of
ATP and donates it to glucose, leaving ADP). Hexokinase
had little effect when ATPgS, a poorly hydrolyzable analog,
was used in place of ATP (Fig. 8C, Right). Taken together,
these data show that cells lacking CFTR fail to respond to
hypotonicity, but exogenous delivery of ATP can rescue the
Cl efflux involved in volume recovery.
3.8. P2X and P2Y receptors transduce the autocrine ATP
signal
Knowing that epithelial cells from the lung and airways
[54–56] as well as other tissues express multiple subtypes
of P2X and P2Y receptors [57–64], we wanted to assess the
relative role of each P2 receptor subfamily on RVD in
human airway epithelial cells. We assessed this by rescuing
hypotonicity-induced Cl efflux, a response fully lacking in
the parental IB3-1 CF cells. In Fig. 9, we tested the effect of
several different nucleotide agonists. For example, UTP and
UDP rescued the response, suggesting that P2Y2, P2Y4,
and/or P2Y6 may be expressed on the surface of IB3-1 cells.
ADP also rescued RVD, suggesting the presence of P2Y1 as
well. BzBzATP and ah-methylene-ATP (ah-Meth-ATP)
rescued RVD, suggesting that P2X receptors are also
expressed abundantly by these cells. In fact, the most robust
and most rapid rescue of hypotonicity-induced Cl efflux
occurred with BzBzATP, the P2X-selective agonist that is
most potent in our hands in epithelial cell models [56].
Biochemical evidence has been published in IB3-1 CF cells
and other airway epithelial cell models showing significant
expression of, at the very least, the P2X4 receptor in IB3-1
cells [50]. Functional, biochemical, and molecular evidence
for P2Y receptors in IB3-1 and other airway epithelial cells
and epithelial and endothelial cells derived from other
tissues have also been shown [50,56,57,58,59,60,61,62,
63,64]. We have also published biochemical and functional
data showing P2X4 receptors as a major P2X subtype in
human vascular endothelial cells [62]. Similar results have
been found in non-CF and CF human airway epithelial cells
and in normal mouse kidney collecting duct epithelial cells
(L. Liang, A.T. Boyce and E.M. Schwiebert, unpublished
observations). These results show that activation of P2X or
P2Y receptors can rescue RVD in CF human airway
epithelial cells.
Fig. 8. Hypotonicity-induced chloride efflux is also dependent upon autocrine extracellular ATP signaling. (A) In 9HTEo non-CF cells, suramin and
hexokinase are shown to inhibit the hypotonicity-induced Cl efflux response. The hexokinase blockade was rescued by the poorly hydrolyzable analog,
ATPgS (100 AM), which is resistant to hexokinase (n= 20 to 30 cells per condition). (B) In IB3-1 CF cells transiently transfected with WT-CFTR, the results
were similar (n= 20 to 30 cells per condition). A 25% dilution of the extracellular osmolality was used for these experiments. This fluorescence system is quite
sensitive and the error bars are present in these graphs. Responses were significantly different than their controls by ANOVA P < 0.05 or lower as the
fluorescence rose in the responding cells. (C) Left: IB3-1 CF cells fail to respond to 25% hypotonicity with an increase in SPQ fluorescence. This was rescued
by ATP (100 AM). (n= 20 to 30 cells per condition). Right: Hexokinase partially blocked the ATP rescue; this block could be overcome by ATPgS (100 AM)
(n= 20 to 30 cells per condition).
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Fig. 9. Extracellular ATP-gated P2X receptor channels and P2Y G protein-coupled receptors protect CF human airway epithelial cells against osmotic insult.
Series of experiments showing rescue of a lacking hypotonicity-induced Cl efflux response in IB3-1 CF cells (see Fig. 8C ‘‘Left’’ for example). (A) P2X
receptor-selective agonists, benzoyl–benzoyl ATP (BzBzATP) and alpha,beta-methylene ATP (ah-Meth-ATP) (100 AM each) rescued the hypotonicity-
induced Cl efflux response to differing degrees. BzBzATP is a broad specificity P2XR-selective agonist that is able to stimulate more subtypes of this family,
hence the bigger effect. In fact, BzBzATP had the largest rescue effect of any purinergic agonist (n= 20 to 30 cells per condition). (B) P2Y2, P2Y4, and P2Y6-
selective agonists, UTP and UDP (100 AM each) also successfully rescued the response (n= 20 to 30 cells per condition). (C) ADP (100 AM), an agonist at the
P2Y1 receptor as well as P2Y11 and P2Y12, showed a mild but significant rescue, while ATPgS (100 AM), an agonist at several P2Y and P2X receptors,
displayed a rescue almost to the level of BzBzATP (n= 20 to 30 cells per condition).
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sustained calcium entry derived from extracellular stores, a
critical signal for RVD
In the studies highlighted in Fig. 9, BzBzATP was among
the most potent agonists in rescuing RVD. This provided a
hint that we should focus on the P2X receptor and its
associated signaling pathways as critical parts of the RVD
response. To define the role of P2X receptors in a way that
excluded P2Y receptor-mediated effects [50], the followingmodifications of the RVD assay were undertaken. The saline
Ringers was modified to be 0 Na+ (substituted with
NMDG), pH 7.9, and either lacking or containing 3 mM
Ca2 +. Zinc (20 AM) and/or ATP (100 AM) was added later
in the experiment when it was clear that RVD was sluggish
to occur in parental IB3-1 CF cells. Under these conditions,
P2X receptors stimulate a sustained Ca2 + entry and increase
in the cell derived from extracellular stores [50]. It is
important to note that Fura-2 detection of P2X receptor
channel-mediated Ca2 + entry was markedly facilitated by
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mean that P2X receptor Ca2 + entry channels do not mediate
Ca2 + entry under Na+-containing conditions but rather than
it is not detectable with Fura-2 fluorescence under Na+-
containing conditions. Fig. 10 shows examples of RVD
timecourses in the absence and presence of extracellular
Ca2 +. Hypotonicity (30%) was introduced at arrow 1 and
RVD failed to occur (Fig. 10A). Zinc (20 AM) was added at
arrow 2. Both magnitude and rate of RVD (see data
summary in Fig. 10B) was rescued by zinc, but only in
the presence of extracellular Ca2 +. Zinc failed to rescue the
sluggish RVD in the absence of extracellular Ca2 +. Because
zinc alone rescued RVD as well as zinc and ATP together in
an agonist cocktail and since zinc is not an agonist for P2Y
receptors, these data show that P2X receptors are essential
for autocrine ATP regulation of RVD dynamics in human
airway epithelial cells.
To verify that P2X receptors were acting as calcium entry
channels to cause a sustained increase in cytosolic freeFig. 10. P2X receptor channels modulate RVD by acting as a calcium entry chan
hypotonic cell swelling in parental IB3-1 CF cells. Basal cell volume is slightly
trace). Hypotonic challenge (Arrow 1) caused the CF cells to swell that were ag
stimulating P2X receptors, but only in the presence of extracellular Ca2 +. (B)
femtoliters per minute was sluggish under control conditions and was rescued sig
rescue RVD in Ca2 +-free solution. Asterisk is P< 0.05 significantly different by
lesser extent, nickel (20 AM), increased cytosolic calcium in a sustained manner
effect.calcium that was essential for RVD, parallel Fura-2-based
cytosolic free calcium imaging was performed on IB3-1 CF
cells. Because zinc alone was sufficient to rescue RVD, we
compared the effect of zinc to other metal trace elements.
Two examples are shown in Fig. 10C. Under the modified
saline conditions required to drive robust Ca2 + entry
through Ca2 + entry channels that are, by definition, Ca2 +
permeable non-selective cation channels, zinc stimulated
Ca2 + entry that averaged a 205F 20 nM increase (n = 6,
P < 0.01) above basal levels. This increase was sustained for
10 min in these experiments and for longer than 1 h in other
published work [50]. Only nickel at the same concentration
(20 AM) induced a small sustained increase in Ca2 + entry
(Fig. 10C). Cadmium, manganese, and lanthanum had not
effect (Fig. 10C), and copper was also without effect (data
not shown). Together with data provided in Figs. 8 and 9,
these data suggest that P2X receptor-mediated Ca2 + entry
from extracellular stores is critical for RVD in human airway
epithelial cells.nel in the plasma membrane. (A) Typical RVD time courses showing 50%
swollen in Ca2 +-free solution (black trace) versus Ca2 +-rich solution (red
ain slow to recover. Addition of zinc (20 AM) (Arrow 2) rescued RVD by
Data summary of the representative results shown in A. Rate of RVD in
nificantly with zinc alone or with zinc plus ATP (100 AM). Zinc failed to
ANOVA. (C) In a Na+-free solution that is pH 7.9, zinc (20 AM) and, to a
from extracellular stores. Other divalent and trivalent metals were without
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These data reveal a critical defect in cell volume regu-
lation in CF human airway epithelial cells in vitro and
suggest that CFTR and autocrine ATP signaling act in an
integrated manner to control human airway epithelial cell
volume under isotonic and hypotonic conditions. Our lab-
oratory and others have shown hypotonicity-induced ATP
release [34] and ABC transporter facilitation of this process
[35,37] via direct bioluminescence detection of released
ATP. This study supports our previous work by multiple
indirect approaches of scavenging ATP or blocking P2
receptors. These data also argue for a significant role of
extracellular ATP-gated P2X receptor channels in the con-
trol of RVD. Our data show that P2X receptor channel-
mediated Ca2 + entry from extracellular stores is essential for
autocrine ATP control of RVD. We also show a significant
role for P2Y receptors. Our current model reflects essential
roles of CFTR-modulated ATP release, P2X and P2Y
receptors, and Ca2 +-regulated Cl channels in RVD. Our
laboratory has also shown the concomitant expression of
P2X and P2Y receptors in the apical and basolateral
membranes of multiple epithelial cell models [56]. Redun-
dant expression of P2X and P2Y receptors may be a
protective mechanism for the epithelial cell to allow for
rapid response to hypotonic cell swelling. Because cell
volume regulation is another cellular process that may be
impaired in CF, addition of P2X and P2Y receptor agonists
and, in particular, optimization of P2X receptor-mediated
Ca2 + entry may rescue defective RVD and may be of
therapeutic importance in CF.
One limitation in our approaches is that the cell volume
assays require cells in suspension. Nevertheless, we main-
tain that the Coulter method, with this novel advancement in
real-time or continuous data collection, is still the most
sensitive method for assessing cell volume regulation in
vitro, measuring cell size in micrometers and cell volume in
femtoliters. We studied hypotonicity-induced Cl efflux in
adherent non-CF, CF, and wild-type CFTR-complemented
CF cells as secondary support for our cell volume data.
Because additional relevance of human airway epithelial
cell volume regulation would be further supported by
studying a polarized epithelium, we are currently studying
RVD mechanisms in non-CF versus CF mouse and human
airway epithelial cell models grown on permeable filter
supports.
Why should we be interested in the ability of a CF airway
epithelial cell to accomplish cell volume regulation? First,
impaired cell volume regulation may relate to an inability of
the epithelial cell to sense its external osmotic environment
(CFTR as a membrane protein and/or as a Cl channel), an
inability to respond to a change in extracellular osmotic
strength (CFTR as a membrane protein and/or as a conduc-
tance regulator), or both. It has been shown that CFTR
expression is required for extracellular ATP signaling
[34,35,65]. This relationship was shown to be critical forCFTR regulatory coupling to ORCCs [25], a channel
implicated as a mechanosensitive [32] and volume-activated
Cl channel [27,31]. Valverde et al. [41] have shown a
defect in RVD in vivo in intestinal crypts of CFTR knockout
mice and in hypotonicity-induced K+ efflux during RVD in
the absence of CFTR in vitro [42,43]. Okada’s group has
also shown a role for CFTR and autocrine ATP signaling in
C127 cells but not in Intestine 407 cells [40,65]. Roman et
al. [37,39] postulated a similar paradigm for mdr subtypes
and autocrine ATP signaling in hepatocytes and cholangio-
cytes. A cellular mechanism in which CFTR couples to
volume regulatory K+ channels remains elusive and is quite
important to solve. K+ efflux is known to proceed Cl efflux
during RVD, because K+ is the major inorganic ion with a
favorable gradient for efflux. Cl follows K+ to preserve
macroscopic electroneutrality during RVD [20].
CF cell models also show dysregulated ENaC Na+
channel activity [13], altered aquaporin function [19], and
impaired acid–base transporter activity [23]. As mentioned
in the Introduction as rationale, these separate ion and water
channels and acid–base transporters have roles in cell
volume regulation [20]. This also provides a rationale for
studying cell volume regulation as well as supports a
hypothesis that cell volume regulation may be impaired, at
least in part, due to the dysregulation of these and other
conductances. The activity of K+ and Cl channels critical
in RVD has not been compared rigorously in non-CF versus
CF epithelial cell models. For that matter, organic osmolyte
efflux may also be different in non-CF versus CF cells.
Could this defect in CF human airway epithelial cell volume
regulation in vitro at the level of individual cells translate
into or reflect any differences observed in vivo in extracel-
lular or intracellular fluid compartments? One extracellular
fluid compartment that is extremely difficult to measure, yet
extremely important to CF airway pathophysiology, is the
apical surface liquid (ASL) or periciliary liquid layer (PCL).
Some researchers have documented a decrease in ASL ionic
strength, others have observed a decreased ASL volume and
depth in CF epithelia, a laboratory has documented
decreases in ASL ionic strength and depth, and other
laboratories have seen no changes in ASL ionic strength
or depth [47].
One can first consider the ASL as an extracellular fluid
that is influenced by the layer of epithelial cells beneath,
airway secretions from other sources, and the external
environment. It is our hypothesis that this small volume of
extracellular fluid (actually, an extracellular fluid compart-
ment microenvironment) may be influenced markedly by
the minute-to-minute regulation of the intracellular fluid
compartment or volume (e.g., cell volume regulation) as
well as cellular and glandular secretions. Evaporative water
loss (especially in the large airways and nasal passages)
should, in theory, also affect the ASL, rendering it hyper-
tonic. This is not borne out by the data (see below). This
evaporation would be impaired in CF, due to the burden of
the mucus blanket. In theory, this should make the volume
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also not borne out by the data (see below); however, the
mucus may be a rich source of osmoles itself, canceling out
trapping of ASL and the resulting effect on its osmolality.
Ion transport dysregulation, with water balance, must be
integrated into the overall argument. In CF, upregulated and
active Na+ absorption (and Cl following) should drive
down ASL NaCl in comparison to non-CF. However, the
opposite has been measured (see below). By the same token,
defective Cl and HCO3
 secretion should prevent Cl and
HCO3
 from appearing in CF ASL. Yet, Cl is present in
abundance and the pH has been measured to be neutral [47].
In fact, published data from all laboratories, which have
attempted to sample or measure this elusive extracellular
fluid compartment microenvironment, find that non-CF
ASL or PCF is approximately 35% hypotonic versus plasma
or intracellular osmolality [47]. This conclusion assumes
that Na+ (94F 10 mM, average of 13 studies that had
standard errors of approximately 10%) and Cl (93F 10
mM, average of 12 studies that had standard errors of
approximately 10%) are the major determinants of extracel-
lular fluid osmolality [47]. In a recent review by Verkman et
al. [47], a table of non-CFASL values revealed a large range
of [Na] (5 to 153 mM), and average values for a larger
number of studies listed in this review are calculated to be
94F 10 mM Na+ (16 studies) and 89F 10 mM Cl (18
studies). Measurements of CF ASL were actually isotonic
to plasma for Na+ (145F 10 mM, average of six studies
that had standard errors of 10%) and hypertonic for Cl
(123F 12 mM, average of two studies that had standard
errors of 10%). Based on the defects and dysregulation of
NaCl transport in CF airways epithelium, one should expect
low values for Na+ and Cl. Because this is not the case,
this result argues a multitude of other factors that may be as
or more critical than transepithelial movement of Na+, Cl,
and water, including cell volume regulation. We are careful
to point out that the ASL is an incredibly difficult parameter
to measure, that the values above may not reflect true in
vivo values, and that these values may differ in different
anatomical regions of the lung and airways. We do, how-
ever, maintain that it is a critical microenvironment that is
tightly regulated for optimal physiology and that it affects
minute-to-minute cell volume regulation in the airways
epithelium.
Some have argued that the periciliary liquid (PCL) may
be chronically hypotonic to aid ciliary beat. Priel and
Silberberg have shown that ciliary beat in freshly isolated
primary epithelial cell preparations is augmented by ATP
[54] and requires very low extracellular [Na+]) [55]. As
extracellular [Na+] was increased, ciliary beat slowed down
and ATP regulation of ciliary beat was attenuated. Thus, the
epithelium may need to constantly adapt to it via volume
regulatory processes. They argued that P2X receptors,
which they called ‘‘P2X cilia’’, likely mediate purinergic
control of ciliary beat via increasing cytosolic free calcium
from extracellular stores [55]. Concomitant control of cellvolume and ciliary beat by autocrine ATP signaling and
P2X receptors is a possibility that we are exploring.
Future work in polarized non-CF and CF epithelial cell
monolayers grown in vitro or in epithelial cell monolayers
visualized within freshly dissected tissues from wild-type
and CF mouse models will test the hypothesis that there
is a defect in human airway epithelial cell volume
regulation that may be critical to CF lung and airways
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